
AD-770 089

AN INVESTIGATION OF THE CORROSION
CHARACTERISTICS OF DENTAL ALLOYS

Terry J. Rickard

Air Fuzce Institute of Technology
Wright -Patcerson Air Force Base, Ohio

June 1971

DISTRIBUTED BY:

Nationi Technical Information Service
5285 Port Royal Road, Springfield Va. 22151



Uilassified
DOCUMENT CONTROL DATA. R & DI-f..r C! elaaalaica o" . tite. body or abstract and inde n n u.otatio. must be entered when the overall eport I. classified)

"ORIGINATING ACTIVITY ('Corprat *U-) SSll. REPORT SEiCURITY CL.ASIgtFICATiON

Air Force Institute of Technology Unclassified
Wright-Patterson AFB, Ohio 45433 o.

3. REPORT TITL.E

An Investigation of the Corrosion Characteristics of Dental Alloys

4.OSCRItPTIVE NOTES (7ypo of epoor and fItchlu date )

APIT Thesis
S. AU TWOMiSI (First am. mtddle inial.el lost name)

Terry J. Rickard
Captain USA?

0. REPORT DATE 74L TOTAL NO.-Or PAGES 7b. No. or mrs

Tune 1971 , 24
S& CONTRACT OR GRANT NO. 00. ORIb3NATOR*S REPORT NUMDIRIS)

PROJECT NO. GAW/MC/71-11

6. ZO. OT4EfR REPORT NOI (Anyh oate nuber Met may be asasigd
wte Mport)

4.

10. D$STN|IOUTION STATEMErNT

Approved for public release, distribution unlimited.

ONSORIN 1AWI ART 190. T7T

10 SAir Force Institute of Technology
Uright-Patterson Air Force Base, Ohio

rector of InormtionA
t *."Wthodic linear polarization behavior of six commercially-available

dental alloys was investigated galvanostatically in an aerated synithetic
saliva electrolyte, at 22+l0 C. Each alloy was investigated with three

different surface finishes;-vobtained by grinding with 4/0 emery paper,

polishing with dental pumice, and polishing with dental tin-oxide powde

Complete potentiostatic polarization tests were also conducted and
anodic Tafel slopes were obtained for these six dental alloys. Due to

the effects of crtcentration polarization, cathodic Tafel slopes were

not obteti.ed,
Corrosion rate calculations were performed on an IBM 1620 digital

computer with a Fortran program written specifically for linear-
polarization studies.

In general, the corrosion rates of all of the dental alloys were
very low; ranging from approximately 4 to 200 microns/yr. The gold

alloys had the lowest corrosion rates while the amalgams had the highes

All corrosion rates reached steady-state values within 48 to 96 hours.

Corrosion rates of each of the alloys decreased as the smoothness of

the surface finish increased; the corrosion rates of the amalgams
showed the greatest dependence on surface finish.

Reproduced by

NATIONAL TECHNICAL
INFORMATION SERVICE

portmnf!:nt oVfACommelrceI I I ISpringfield VA 22151

SDD, NOV 60473 Unclassified
Security Clesuifiedtin



Secutity Claslfleation _____

Is. he WRD INK A LINK a LINK C

ROLE WT R1OLE WY RtOL WY

Corrosion

inear-Polarization Technique

Polarization Resistance

ental Alloys.-

Omi

Secuity lasifictio



GAW/MC/72. -11

THESIS

P/
GAW/MC/71-ll Terry J. Rickard

Captain US"F

Approved for public release; distribution unlimited



GAW/MC/71-ll

(

AN INVESTIGATION OF

THE VORROSION CHARACTERISTICS

OF DENTAL ALLOYS

THESIS

Presented zo the Faculty of th, School of Engineering

of the Air Force Institute of Technology

Air University

in Partial Fulfill~ment of the

Requirements for the Degree ofL

Master of Science

by

Terry J. Rickard

CAPT USAF

Graduate Aerospace Engineering (Air Weapons)

Approved for public r~elease; distribution unlimited



GAW/MC/71-ll

Preface

Since there are numerous types of relatively noble

alloys used in the dental profession, the pola-ization-

resistance method with its many advantages was chosen for

this corrosion investigation. With this method, I was able

to acquire more 'lata and subsequent results in the time

alloted than with other methods that are available.

The theoretical aspects of polarization as applied to

corrosion are not given extensive treatment in this thesis.

The theory has been discussed elsewhere and the bibliography

of this thesis can serve as a guide to the more theory-

oriented reader. The experimental apparatus, procedure,

and interpretation of polarization data has been given the

most emphasis in this study.

Another advantage of choosing the polarization-

resistance method was that I had available for consultation

one of the most knowledgable men in galvanostatic and

potentiostatit; polarization research. I refer to Dr. James R.

Myers, my thesis advisor, to whom I am deeply indebted for

his timely advice and encouragement in this investigation.

I would also like to thank Mr. S. G. Lee and Capt. W. B.

Crow for their patience and guidance throughout this study.

Terry J. Rickard
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Abstract

tA Cathodic linear-polarization behavior of six com-

mercially-available dental alloys was investigated galvano-

statically in an aerat6d synthetic saliva electrolvte.

Polarization measurements were obtained within 15 millivolts

of the open-circuit potential every 24 hours until steady-

state polarizaion resistance was achieved. Each alloy was

investigated with three different surface finishes; obtained

by grinding with 4/0 emery paper, polishing with dental

pumice, and polishing with dental tin-oxide powder. All

measurements were obtained at 22 + 10 C (720F)with two of

the alloys additionally tested at 98.6 0 F (human body temper-

ature) to determine the effect of this more elevated temper-

Qature. This small increase in temperature seemcd to have a
negligible effect on the corrosion rates of the alloys

tested.

Complete potentiostatic polarization tests were also

conducted and anodic Tafel slopes were obtained for these

six dental alloys. Due to the effects of concentration

polarization, cathodic Tafel slopes were not obtained.

corrosion rates were determined from the linear-

polarization data and t'.e Stern-Geary relationship for

corrosion processes controlled by concentration polarization.

The actual corrosion rate calculations were performed on an

IBM 1620 digital computer with a computer program written

specifically for linear-polarization studies.

x
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In general, the corrosion rates of all of the dental

alloys were low; the gold alloys having the lowest corrosion

rates and the amalgams having the highest. All corrosion

rates reached steady-state values within 48 to 96 hours.

The corrosion rates of each of the alloys decreased

as the smoothness of the surface finish increased. The

alloys whose corrosion rates showed the greatest dependence

on surface finish were the amalgams. Corrosion rates of

the Ag-Sn amalgam by the linear-polarization technique com-

pared well with rated obtained by other investigators using

the Tafel slope-extrapolation technique.

xi
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AN INVESTIGATION OF

THE CORROSION CHARACTERISTICS

OF DENTAL ALLOYS

I. Introduction

Purpose

Clinical evidence has shown that corrosion is one of

the four most common causes of failure in dental ablalgam

restorations. The warm, humid environment of the mouth

coupled with the rapidly fluctuating pH of saliva and large

biting stresses produce conditions conducive to corrosion.

This corrosion is particularly evident in amalgams and

dental alloys containing less than 75% precious metal(l).

In addition to general deterioration, corrosion of dental

restorations can be affected by surface and stress conditions.

At crevices in the tooth-restoration interface, differences

in oxygen concentration exist. A corrosion cell is produced

with surface areas containing the least oxygen being pre-

ferentially attacked. When the surface stress is inhomo-

geneous; a galvanic cell composed of stressed metal, saliva,

and unstressed metal is formed with the stressed area being

attacked preferentially(I ,12 ).

With the advent of future space flights of long

duration and internment of aircrew members in enemy prisons,

a requirement for knowledge of the corrosion resistance

characteristics of available dental alloys has become

1
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necessary. Proper selection of materials can minimize the

probability of premature failures of restorations at times

when dental care is not readily available.

The need to study the corrosion characteristics of

dental alloys in a limited amount of time dictkated that the

polarization resistance method would be the most feasible

testing method. Hence, the purpose of this investigation

was to obtain gelvanostatic polarization data within +15 my

of the corrosion potential of six commonly-used dental alloys.

The electrolyte for this investigation was aerated synthetic

saliva at 220C(2,3). The linear-polarization data and the

Stern-Geary (4 ) relationship were used to determine the general

corrosion rates of the alloys investigated. Concurrently,

the corrosion rates of the alloys with surface finishes

obtained by grinding with 4/0 emery paper, polishing with

dental pumice, and polishing with dental tin-oxide were

investigated. It was considered beyond the scope of this

investigation to study the effects of localized attack

(ie, galvanic corrosion, crevice corrosion) on the deterio-

ration of dental restorations.

Although not an initial objective of this study, complete

potentiostatic anodic and cathodic polarization curves were

obtained for the six alloys. In addition, the effect of

raising the electrolyte temperature to human body tempera-

ture was investigated on the most noble and the most active

of the six alloys.

2
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Background and Theory

Corrosion mr- be defined as the destruction or

deterioration of a material because of a reaction with its

environment( 5 ). Since this reaction involves a chemical

change which produces an electrical cur..ent, the reaction

is an electrochemical process. The extent of this electro-

chemical change, measured in volts, is called polarization

(6,7). To further clarify the concept o2 polarization, con-

sider a galvanic cell with ref':-ence electrode as shown in

Figure 1. There is a measureable potential difference, in

volts, between each of these two electrodes and the refer-

ence electrode when the circuit is open. The open-circuit

potential of the metal being investigated (Fe in this case)

with respect to the reference electrode is designated Ecorr.

If the circuit ib cl"ed, current flows and the potential

changes from the original Ecorr. The saaount that the

potential of the metal electrode changes from the original

Ecorr is referred to as the overvoltage,?). This overvoltage

is a measure of the polarization of the electrode. In

other words, polarization can be defined as the displacement

of the electrode potential from the original Ecorr resulting

from a net current flow~5 ;. If an external current were

applied to the cell such that it opposed the normal closed-

circuit current, the direction of the net current will

determine which metal electrode will gain or lose electrons.

If a metal loses electrons, by definition it is called an

anode. If the impressed current causes the metal being

14
.o3
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Figure 1. Galvanic Cell
with Reference Electrode

investigated to gain electrons, the metal becomes the cathode

and its overvoltage is a measure of its cathodic polari-

zation(8).

Each type of polarization, anodic and cathodic, can

be further subdivided and classified depending on the

controlling phenomenon of the electrochemical process near

the electrode surface. Activation polarization refers to

an electrochemical reaction which is controlled by the

slowest step in the reaction sequence at the metal-

electrolyte interface (5 ). For example, in Figure 1 the

slowest step at the platinum electrode might be the for-

mation of hydrogen molecules from monatomic hydrogen.

¥!!.
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Figure 2. Combined Polarization Curve. ,.ctivation
and Conc.entration Polarization (Ref 5)

Activation polarization results in a sloping straight line on

a polarization curve as shown in Figure 2. Concentration

polarization refers to electrochemical reactions which are

controlled by the diffusion of ions in the electrolyte

near the me "l-electrolyte interface(5). Cathodic polariza-

tion occurs when one of the reactants is consumed at the

electrode faster than it can diffuse through the electrolyte

to the electrode (8'9 )' similarily, polarization at the anode

can occur when the diffusion of the metal ions away from the

metal surface is the rate-controlling process. Concentravicn

polarization does not have an appreciable affect on metal dis- 4
solution until high current densities are present* The

S Vi
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current density where concentration polarizatioi begins to

limit further applied current is called the limiting applied

diffusion current density, LL (8). The effect of concentra-

tion polarization and tL on a polarization curve is shown in

Figure 2. Concentration polarization usually is the controll-

ing factor when the concentration of reducible species is

small (e.g., dilute acids, aerated basic solutions) while

activation polariz -ion generally predominates in concen-

trated acids (5 .

Obmaining Quantitative Corrosion Data Electrochemically

The shortcomings of the conventional weigtL-loss

technique promoted the early attempts to relate electro-

chemical properties of metals to their corrosion rates. The

weight-loss technique involves exposing a specimen to a

corrosive environment for a given period of time and then

measuring the specimen weight loEs. In addition to requir-

ing considerable time, the technique gives only an average

corrosion rate. This information is not always useful if

the corrosion r i varies with time.

To obtain c-antitative corrosion data from electrochemi-

cal properties of a metal, a current must be forced to flow

through the metal while the metal is in a particular corrosive

environment. This involves polarizing the specimen, as des-

cribed earlier, so as to obtain polarization data that will

yield a corrosion current. There are two basic methods for

obtaining these polarization data.

6
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Figure 3. Typical Anodic Polarization Curve of
an Active-Passive Metal (Ref 5)

The first is the potentiostatic method which involves

changing the potential between the specimen and an auxiliary

electrode in the cell (Figure 1) and measuring the resulting

current. The advantage of the potentiostatic method is that

it can be used to examine metals which exhibit active-

passive transitions (Figure 3). The second method is the

galvanostatic method in which a current is impressed on the

cell and the change in potential (overvoltage) is measured.

This method has the advantage of providing very accurate

information about the polarization behavior of a metal near

its open-circuit potential (Ecorr).

%i i.. .. - .. .. ... ....... . .... -.. .. .. .. .. .. .. ..co r r ,
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The data gathered in either the potentlostatic or g-'

vanostatic polarization studies can be analyzed to predict

corrosion rates by the Tafel Slope-Extrapolation Technique

or the Linear-PoJarization Technique.

If the pctential of a metal immersed in an electrolyte

is plotted against the logarithm of applied current density,

aL polarization curve such as Figure 4 might be obtained.

Within 50 to 200 mv more active or noble than the corrosion

potential, the curve becomes linear. The linear region is

called the Tafel region and metals that have pol±iation

curves such as this are said to exhibit Tafel behavior (5 ) .

To obtain the corrosion current density (i Corr) from this

curve, the Tafel region is extrapolated until it crosses a

C1 horizontal line drawn from the corrosion potential, ECorr*

The point of intersection dsignates a point on the abscissa

which is i Corr. This corrosion current density can then be

used with Faraday's Law to obtain the corrosion rate of the

metal. Corrosion rates can be determined from either anodic

or cathodic polarization curves. The Tafel region should ex-

tend over a current range of at least 1 order of magnitude to

obtain sufficient accuracy when obtaining corrosion rates by

this method. This range cannot usually be obtained in corrod-

ing systems that hnve more than one reduction-oxidation pro-

cess occurring. Thus, while the Tafel extrapolation technique

is accurate and faster than the weight-loss technique, its

application is restricted to a limited number of corroding

systems (g ).

nw
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Figure 5. Linear Polai'ization Curve (Ref 5)

The linear-polarization technique is not limited in

application like the Tafel extrapolation technique. It has

been shown that at potentials near the corrosion potential,

the polarization curve of a corroding system is linear as

in Figure 5. Stern and Geary (4 ) found that for corroding

systems controlled by activation polarization, the slope of

this straight line, AE/6i, was inversely proportional to

the corrosion current density. They derived the following

equation for these conditions and it has come to be known

as the Stern-Geary equation:

..( Ak ..- l,,,. J 1

10
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where a and are the Tafel slopes of the anodic and

cathodic polarization curves respectively (Figure 4). In

other woi, he Stern-Geary equation states that within

10 my more active or more noble than the corrosion potential,

E corr' the electrode potential is a linear function of

the applied current density. If a corroding specimen is

polarized using the galvanostatic method, a plot of over-

voltage versus applied current density similar to Figure 5

is obtained.

The original Stern-Geary equation, equation (1) ccn-

sidered only the case of activation polarization. Stern(io)

showed in a later paper that a corroding electrode con-

trolled by concentration polarization also produces a

C_ linear-polarization curve. However, in this case A. becomes

effectively infinite and equation (1) becomes:

AE - (2)
A L 2.- Lr

Corroding electrodes exposed to aerated or oxygenated

electrolytes are thought to be controlled by concentration

polarization . In such cases, equation (2) has been

found to be a useful relationship in linear-polarization

studies.

The linear-polarization technique for determining

corrosion rates has the following important advantages:

1. The technique is fast enough to obtain a large

number of corrosion rate determinations ..n a relatively

short period of time. These determinations can be quite

accurate if the values of -a and 13c are known.

1L
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2. Even if the beta values are unknown, corrosion

rates of most metals can be estimated within a factor of

two if beta values between 0.06 to 0.12 volt/decade are

used(,i).

3. The corroding system is investigated so close to

the corrosion potential, that the system is not greatly

disturbed from equilibrium conditions. Thus, there are

very few systems to which this technique cannot be applied (4'14 J.

4. The technique can be used to obtain very low

corrosion rates with accuracy (13).

5. The technique has been used successfully to obtain

corrosion rates of surgical implants in living animals

(in vivo) 
(15,16 )

C. Because of the many advantages of the linear-polarization

technique, and in rarticular the advantage of being able to

obtain very low corrosion rates, the corrosion rates of six

commonly used dental alloys were determined by this technique.

These corrosion rates were determined for three different

surface finishes. in order to insure accuracy, beta values

of these materials were obtained using the potentiostatic

polarization method.

12
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II. Experimental Apparatus

U Electrical Circuitry

The electrical circuitry used for the galvanostatic

determination of linear-polarization curves is shown in

Figure 6. The circuitry is similar to that described by

Haugen(8 ); however, a 7'7- filter (Figure 7) was added in

parallel to the regulated D.C. power supply in order to

filter out undesirable noise encountered at very low

currents (less than l.O11amp).

The constant-current source consisted basically of

a regulated D.C. power source (Heathkit Model PS-4), a

7T - filter, a decade resistor bank, and a double-pole-

double-throw (DPDT) switch.

C For selecting the desired constant current, a decade

resistor bank with rotary selector switch (S-1) and 12

resistors: 1K, 3K, 10K, 30K, lOOK, 330K, 1M, 3.3M, 10M,

33M, 50M, and 500M ohms (R-12) was used. By the position

of switch 8-2, the direction of current could be controlled

so that the working electrode could be made to act as an

anode or a cathode. Thus, both anodic and cathodic polar-

ization curves could be obtained with this electrical cir-

cuitry.

A high impedance (1010 ohms) digital voltmeter

(Hewlett-Packard model 3440A) was used in the circuit to

measure both cell current and potential of the working

electrode. The potential was measured :irectly off one

side of the DPDT switch (S-3) while the current was

13
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R-12

s-1

05-

-C-

DIGITAL -3
VOLTMETER 3

WORKING UXILIR
ELCRDE ELECTRODE

Figure 6. Electrical Circuitry Used for Galvanostatic
Determination of' Polarization Curves
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400QI 50Q

100O#F 18OtLF7 8 8/1 F
RL

ji
Figure 7. Electrical Circuitry of~ T -FilterI Used in Circuit Shown in Figure 6

i1A

7 7
'Figure 8. Galvanostatic Polarization Test
Equipment Showing Components of' Circuitry

C. - Illustrated in Figure6
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measured off the other side of S-3 (i.e., by using Ohm's law

and the voltage drop across resistance R-9). The resistance,

R-9, was a decade resistor bank consisting of 9 precision (1%)

resistors: 0.1, 1, 10, 100, 1K, 10K, 100K, 1M, and 5;M ohms.

Polarization Test Cell

The polarization test cell (Figure 8) was similar to that

used by Haugen (B) and Smulczenski (17). Basically, it was a

specially constructed 2-liter beaker with a gas-tight fluoro-

carbon lid. This lid was fitted with two ground-glass recep-

tacles to accomodate the aerator assembly and thermometer.

In addition, the lid contained three O-ring fittings for the

working electrode, auxiliary electrode, and Luggin probe.

The specimen (working electrode) was positioned in the cell

so that its surface could be observed during testing.

Salt Bridge. The potential between the working electrode

and the reference electrode was measured with a digital volt-

meter. This could be accomplished because of the electrolytic

connection between the two electrodes provided by a salt

bridge having a Luggin probe and a Haber capillary tip
(18 )

which was inmersed in a beaker containing electrolyte and the

reference electrode.

The salt bridge-was constructed in two parts for ease

of assembly. A fluorocarbon sleeve was used to connect the

exterior portion of the salt bridge (left side of Figure 8)

to the glass-tube portion of the Luggin probe which extended

through the test-cell lid.

416
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C)Aerator Assembly

i~altBrid-

Lu.in

Auxiliary i.l-ctro&.. .orkinr Electroae'

Figure 9. Polarization Test Cell
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In accordance with Barnartt (19 ), a 1 mm (o.d.) Luggin

probe was placed 2 mm from the face of the working electrode.

The Haber capillary tip on the bottom outside leg of the

salt bridge contained a small perforation which would allow

one drop of electrolyte to flow in approximately 30 minutes.

This permitted the electrolytic contact between the working

electrode and the reference electrode when the salt bridge

was filled with electrol-rte. A ground-glass joint at the top

of the bridge aided in filling the bridge with electrolyte

(i.e., the electrolyte was drawn into the bridge by a suction

device used at the joint).

During testing at constant current, movement of the

Luggin probe to various distances further from, and across,

c the face of the working electrode showed negligible changes

in potential. Thus, IR drop in the electrolyte between the

working and reference electrodes was believed to be negligible.

In addition, since potential did not change across the speci-

men surface, a backside capillary was not considered necessary

for this inv~stigation(2 0 ).

For a given several-day test, pH of the electrolyte did

vary from one 24-hour test period to another; however, the

pH was adjusted to the desired range (3) and the salt bridge

was refilled prior to each test. Change in concentration of

the electrolyte during polarization testing was negligible.

Reference Electrode. A saturated calomel half-cell (SCE)

reference electrode was used in this investigation. This

electrode maintains a relatively-constant potential in a wide

range of environments.

18
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The specific calomel reference electrode used was a

fibrous-membrane type (Leeds and Northrup Standard 1199-3).

The electrode was placed in a 100 ml beaker filled with ap-

proximately 80 ml of electrolyte. This electrolyte completed

the circuit between the reference electrode, the external leg

of the salt bridge, and the working electrode.

Auxiliary Electrode. The auxiliary electrode consisted

of a 2 x 2 inch platinum screen. The screen was spot-welded

to a platinum wire which was supported by a glass tube. The

glass tube extended vertically through the cell lid where it

made an air-tight seal. The platinum wire protruded through

the glass tube above the cell lid to provide a terminal for

electrical connection.

c Specimen Holder. The working-electrode assembly (speci-

men holder) is shown in Figure 9. The specimen holder used

in this investigation was similar to the one described in

detail by Myers(21); however, the polycarbonate cover was

modified so that the exposed area of the specimen was 0.1 cm2 .

This allowed tests to be conducted on smaller specimens

(large specimens of the precious metals used in dentistry

are difficult to obtain).

The oblique entry design of the specimen holder was re-

tained to eliminate crevice effects, prevent accumulation of 4

corrosion products on specimen surface, and permit the escape i
of gases formed.

Aerator Assembly. Filtered air was bubbled through the

C* electrolyte with the use of a glass assembly that was 
designed

19
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to fit into one of the ground-glass necks in the test cell

lid. Air entered the electrolyte thru a fritted glass tube

which extended into the electrolyte to within approximately

1 inch of the bottom of the cell. Expended air was vented

thru a tube in the top of the aerator assembly.

Electrolyte

The electrolyte used in this investigation was aerated

synthetic saliva (2 ,3 ).with no attempt made to reproduce the

bacteriological constituents. Upon consultation with several

members of the dental profession, it was concluded that

aeration would best simulate the conditions of the human

mouth in preference to other gases considered.

Table I

Composition of Synthetic Saliva Solution

Chemical Name Chemical Weight
Formula

Dipotassium hydrogen phosphate K2 HPO4  0.200 g

Calcium phosphate (tribasic) Ca3 (P04 )2  0.300 g

Potassium thiocyanate KSCN 0.330 g

Sodium bicarbonate NaHCO3  1.500 g

Sodium chloride NaCl 0.700 g

Potassium chloride KCl 1.200 g

Urea (NH2 )2 C0 0.130 g

Distilled Water _H20 11 liter

21 (From Ref 2)
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The composition of this saliva is shown in Table I. The

pH of the electrolyte was maintained between 6.5 and 7.0 (pH

range of the mouth) for each test by additions of small

amounts of hydrochloric acid when necessary.

fpecimens

Six commercially-available dental alloys (Table II) were

investigated. These alloys were supplied by the Wright-

Patterson AFB Dental Clinic and Dr. Edgar 'White of Dayton,

Ohio. All of the alloys with the exception of the amalgams

were supplied in shapes that could be easily adapted to

the specimen holder.

A Lucite mold was made to obtain thq desired shape of the

Ag-Sn amalgam. This amalgam was then condensed into the mold

C by dental personnel of Wright-Patterson AFB. Twenty-fcnr

hours after condensation, the Lucite mold was cut away from

the amalgam and the resulting specimen (a right-circular

cylinder, 1.52 cm in diameter and 1 cm thick) could then be

mounted in the specimen holder.

The copper amalgam was supplied in the cylindrical-pellet

form and tested after grinding to proper shape. No attempt

was made to heat and condense this amalgam; thus, the Hg con-

tent was slightly higher than would be encountered in actual

use.

Test Ap aratus for Potentiostatic rolarization Studies

In addition to the apparatus already described, some

potentiostatic data-determination equipment was used to

obtain complete anodic and cathodic polarization curves.

22
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J'p

C
Figure 11. Potentiostatic Polarization Test
Apparatus Showing Digital Voltmeter, Potent-
iostat, and Test Cell

Basically, only three major components of apparatus were

used for this phase of the investigation: the electronic

potentiostat (Anotrol Model 4100), the digital voltmeter,

C the test cell as shown in Figure 10.

The equipment was connected in such a way that the poten-

tiostat could apply the desired voltage (read on the digital

voltmeter) between the test specimen and the reference elec-

trode. A corresponding current was determined for each test

potential by measuring the potential drop across a precision

resistor with a digital voltmeter and calculating the

current using Ohm's Law.
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III. Experimental Procedure

Test Cell Preparation

All test cell cmponents were cleaned, rinsed in dis-

tilled water, and dried prior to each test. The test cell

was filled with approximately 1400 ml of electrolyte. The

test cell lid with Luggin probe, thermometer, and aerator

assembly was then installed, Holes in the lid for the

working and auxiliary electrodes were plugged. Air, filtered

through a cartridge-type air filter, was then bubbled through

the electrolyte for approximately 2 hours. At the same time

that aeration was initiated, the digital voltmeter and regu-

lated D.C. power supply were turned on to insure that tran-

sient conditions were not present in the electrical compon-

C" ents during polarization tests. The 2-hour aeration time

was decided upon because it was observed that the open-

circuit potentials of both working and auxiliary electrodes

reached stable values within 1 hour. The additional 1 hour

was used to insure complete aeration of the electrolyte.

During the taeration period, the working and auxiliary

electrodes were prepared. One side of the test specimen

was ground with 4/0 emery paper, dental pumice, or dental

tin oxide depending upon which surface finish was being

tested. Each specimen (with the exception of the amalgams)

was degreased in boiling benzene for approximately 3 minutes,

rinsed in triple-distilled water, ard air dried. It was

found that boiling benzene attacked the grain boundaries of

the amalgam specimens making them unsuitable for testing.
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Therefore, the amalgam specimens were not degreased, but

were rinsed in triple-distilled water and air-dried like the

other specimens. The dried specimen was then mounted in

the working-electrode assembly (specimen holder). The

auxiliary electrode was cleaned by boiling in aqua regia for

approximately 5 minutes and then rinsed in triple-distilled

water. Also during the aeration perio4 the pH of the elec-

trolyte in the cell was measured with a pH Meter (Beckman,

Zeromatic II). If necessary, the pH was adjusted to Lhe

range 6.5 to 7.0 with small amounts of hydrochloric acid.

After 2 hours of aeration, the test cell lid was

re-ioved and the working electrode and auxiliary electrode

were installed in the lid. With the lid off, approximately

80 ml of electrolyte was removed from the test cell and put

into the 100 ml beaker which contained the saturated calomel

electrode. The test cell lid was then replaced and the

external portion of the salt bridge was inserted into the

fluorocarbon sleeve at the top of the Luggin probe. The

external leg of the salt bridge was then placed in the

beaker containing the saturated calomel electrode. The

liquid level of this small beaker was adjusted (using shim

spacers under the base of the beaker) so that it was slightly

lower than the liquid level in thE test cell. Thus, elec-

trolyte would not be siphoned from the small beaker into the

test cell. The salt bridge was then filled with electrolyte

with the use of a suction device at the ground-glass joint

( in the top of the bridge.
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Aeration was continued at a' slower, but constant, rate

kduring all polarization testing. All testing was conducted

at 220 +10 C; however, two of the samples were additionally

tested at 370+10C (98.60F) by placing the test cell in a

thermostatically controlled water bath.

Specimen Activation

Each specimen was cathodically activated in the test

cell to remove any surface film that might have formed after

grinding. The positive terminal of a 1.5 volt dry cell

battery was connected to the auxiliary electrode and the

negative terminal was connected to the working electrode.

Three minutes of cathodic activation was found to be suf-

ficient for all specimens. However, it was observed that

if the gold alloys were activated for more than 30 seconds,

a period of approximately 45 minutes was necessary for the

open-circuit potential to shift back to a steady-state

value. Thus, the gold alloys were cathodically activated

for only 15 seconds.

Open-Circuit Potential

The open-circuit potential of each specimen was

measured by connecting the d!3.tal voltmeter between the

working electrode and the saturated calomel electrode (SCE).

This open-circuit potential was monitored on the voltmeter

until a steady-state value was obtained. The steady-state i

value was defined as that potential which showed a change of

less than 1 mv over a 10 minute period. This steady-state

open-circuit potential was recorded as Ecorr of the sample.
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Galvanostatic Polarization Tests

After Ecorr was established and recorded, cathodic

polarization data were obtained within 15 mv of Ecorr*

The polarization data were obtained by applying a cathodic

current between the working electrode (specimen) and the

auxiliary electrode by means of the regulated D.C. power

source (Figure 6). This power source was initially set at

a value of 20 volts and the applied current was adjusted

to the desired range by the decade resistor bank, R-12.

Applied currents in this investigation varied between

5 x 10-9 and 4 x lo-5 amps. These applied currents were

measured by observing the potential drop across precision

resistance, R-9. The potential of the working electrode

was measured with respect to a reference electrode (SCE).

The current range of interest for each specimen was

obtained by initially setting the applied current density

ab 10-8 amp/cm2 and increasing it slowly by means of the

regulated D.C. power source and the resistance R-12. This

current was increased until a 1 mv change in potential from

Ecorr was observed. That value of current was recorded and

the current was inc-'eased until another mv change in poten-

tial occurred. The change in current from the first value

gave an indication of the size of the current "steps" needed

for testing of the specimen. The time of 1 minute between

steps (i.e., between establishing a constant current and

obtaining a stable potential) was found to be adequate for

all specimens tested.
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After obtaining the first set of polarization data, the
(
u specimen was left in the test cell and aeration was continued;

after 24 hours had elapsed, a new Ecorr was established and

another set of polarization data were obtained. Polarization

curves were obtained by plotting the applied current density,

i, versus the change in potential, 6E. This procedure of

obtaining polarization data and polarization curves was re-

peated every 24 hours until a steady-state slope, AE/Ai, was

obtained. This steady-state slope established the steady-

state corrosion current density (icorr) in accordance with

the Stern-Geary relationship (Equation 2). Corrosion rates

were determined from the values of icorr and the following

version of Faraday's Law:

Corrosion Rate = (icorr)(GMW)(V)(3.15)(l) microns3)

(F)(Z) yr

where, icorr = corrosion current density, amps/cm
2

GMW = molecular weight of the metal, gms/mole

V = specific volume of the metal, cm3/gm

F = Faraday's Constant = 96500 amp-sec/equivalent

Z = # of equivalents/mole

Initially, to gain familiarity with the equipment and to I
insure equipment was operating properly, several calibration

runs were made on one of the metals studied by previous

investigators (8 ) . J

Potentiostatic Polarization Studies

After completing galvanostatic polarization testing on

a specimen, the test cell was connected to the terminals of
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the potentiostat (Figure 11) which had been previously left

on standby" for approximately 1 hour to allow electronic

components to stabilize.

The value of the established Ecorr was set into the

potentiostat by means of the voltage adjustment dial and

observed on the digital voltmeter. The potentiostat was

then switched from "standby" to "operate".

For anodic polarization tests, the potential was

increased initially by steps of 5 mv in the noble (anodic)

direction. Three minutes after setting in each potential

step, the voltmeter selector switch was moved from the

'voltage" to the "current" position. The voltage drop

through a known resistance was displayed on the voltmeter

and recorded as current. Polarization curves were obtained

by plotting the applied potential and the corresponding

valu' of current density (the recorded current divided by

the exposed surface area of the specimen). After 200 mv

of polarization away from Ecorr the potential steps were

increased to 20 my and after 500 my to 50 my. Polarization

was continued to the potential limit of the potentiostat

(+5.4 volts).

For the cathodic polarization tests, the potential

was increased initially by 10 my steps in the active

(cathodic) direction. At -200 my the steps were increased

to 50 mv and at -500 mv to 100 my. Again, polarization was

continued to the limit of the potentiostat (-5.4 volts). [
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IV. Results and Discussion

U] Criteria Observed

The following criteria are applicable to the discussion

of the results of this investigation:

1. The Stockholm sign convention is used for elec-

trode potentials (i.e., noble potentials are

positive; active potentials are negative).

2. All potentials are referenced to the saturated

calomel electrode (S.C.E.).

3- Current densities (ma/cm2 ) are calculated using

the original exposed surface area of the specimen.

4- Compositions of the alloys are given in weight

percent (w/o).

5. Corrosion rates are expressed in microns per year

(microns/yr).

Metallurgy of Materials Tested

The following sections present a discussion of the

metallurgical aspects and uses of the dental alloys that

were investigated.

Silver-Tin Amalgam. The first material tested was a

Ag-Sn amalgam which had an approximate composition of

Hg-30Ag-12Sn-2Zn. It is estimated that 80% of all dental

restorations are made using this material('). The Ag-Sn

alloy is usually supplied to the dentist in the form of

filings. These filings are mixed (triturated) with liquid

Hg such that the mix composition is approximately 52% Hg by
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weight. The resulting "plastic-mass" is compacted into a

__ prepared cavity in the tooth by a process called conden-

sation.

From a dental standpoint, the only phase of the Ag-Sn

alloy which is of interest is the i-phase (Figure 12). The

7 -phase when triturated with the proper amount of Hg will

expand upon solidification, resulting in a tight interface

between the tooth and the restoration. This phase is an

intermediate compound (Ag3 Sn) having a composition of approx-

imately 73% Ag and 27% Sn. When 7-phase is triturated with

Hg a reaction occurs which produces two new solid phases,

7I(Ag2Hg3 ) and Y 2 (Sn7Hg). Since the excess (unreacted) Hg

is squeezed out during condensation, microstructure of the

amalgam consists of '-phase with continuous phases of 7I

and T2- Visual solidification of the amalgam occurs in

approximately 3 minutes. A period of 24 hours should elapse

before surface polishing of the restoration because heat

produced during polishing will release Hg from the -l and

T2 phases and cause a weakening of the grain boundaries.

Copper Amalgam. Copper amalgam has an approximate

composition of 65%-70% Hg and a balance of Cu. The amalgam

is mixed and solidified at the manufacturer's facility and

supplied to the dentist in the form of pellets. In prepar-

ation for a restoration, these pellets are heated in a

crucible by the dentist until droplets of Hg appear. The

softened mass is then triturated and condensed in the usual

manner. Since condensation removes some of the excess Hg,

32



...- , , : ? . ..- _ _ __... - .,. . .. _ ... .. _ _ _ - -.

GAW/M/71-nl

WEIGHT PER CENT TIN10 20 30 40 so 60 O go I0 so

I ii_

7246 (211

NOO

• .,o - 22.65 4806

or (A01I ;(2 .01S 1,262.-1

: 227,H 23e" :

too- , H -

00 2O 30 0 40 50 60 70 so 90 100
£9ATOMIC PER CENT TIN S.

Figure 12. Phase Diagram of the Ag-Sn Alloys (Ref 22)

the resulting restoration has an Hg content of approximately

60 to 65 w/o. No attempt was made to heat, triturate, or

condense the Cu amalgam used in this investigation. Thus,

the Hg content (64.5 w/o) was slightly higher than would

have been expected for the same amalgam in a restoration.

It has been reported that Cu amalgams corrode consider-

ably In mouth fluids (1 ). As a result, their use in recent

years has been largely replaced by Ag-Sn amalgams.

Gold-Silver-Copper Allo . This alloy is used in den-

tistry in the form of wrought plate, wire, castings, and

solders. It is casted for making inlays, crowns, bridges,
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and partial dentures. The casting characteristics are
(.

excellent and it has been reported that certain compositions

of this alloy have corrosion resistance characteristics

that are adequate for use in the mouth(23).

In the Cu-Au phase diagram (Figure 13) the alloy coyr-

position of dental interest is approximately 75 w/o Au. It

has been clinically demonstrated that the order-hardened

-phase has both the required strength and corrosion

resistance for dental use(l).

Gold-Palladium-Silver Alloy. This alloy system is

single-phase with no solid-state transformations. The cor-

rosion resistance properties of this alloy are very good(2 3).

In addition to corrosion resistance, the relatively-low hard-

ness and malleability of these alloys make them suitable for

dental applications. The Vickers hardness of the various

compositions is given in Figure 14. The alloy tested in this

investigation had an approximate :.=position of 94Au-5Pd-lAg.

Nickel-Chromium- Molybdenum Alloy. This alloy is used

for dental castings and orthodontic wires. The alloy can

be welded without fear of carbide-precipitation in the grain

boundaries because it has an extremely-low carbon content.

Tensile strengths of these alloys, in wire form, vary between

95,000 psi (annealed wire) and 220,000 psi (as-drawn wire)( 1 ).

The alloy used in this investigation had an approximate com-

position of Ni-16.5Cr-2.5Mo.

Nickel-Chromium-Palladium-Cobalt A . This family

(-, of alloys is used mainly for casting appliances such as

-34
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Figure 13. Phase Diagram of the
Au-Cu Alloys (Ref 1)

C metallic denture bases, complex partial denture structures,

and certain types of bridgework. The liquidus temperature

of this type of alloy varies between 1300 and 1500 °C; thus,

making them difficult to cast, relative to the gold alloys.

An advantage of thess alloys is that they are lighter and

stronger than the gold alloys; however, there is controversy

over whether these advantages overcome the difficulties en-

countered in casting ( . The approximate composition of the

alloy investigated in this study was Ni-24.5Cr-24.5PdJ-lO.SCo.

O-pen-Circuit Corrosion Potentials

The open-circuit corrosion potrntials (Ecorr) of the

six alloys, taken at 24-hour intervals prior to each test

~are given in Table III. There was no obvious trend in the

change of these potentials with time; however, all of the35 :
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Figure 14. Ternary Diagram of the Au-Pd-Ag
Alloy System Showing Vickers Hardness as a
Function of Composition (Ref 23)

alloys approached reasonably stable values within 48 to 96

hours.•

Results in Table III are for the tests where the surface

finish of the specimen was ground with 4/0 emery paper. Sim-

ilar results were obtained for the other two surface finishes

investigated.

The effect of raising the electrolyte temperature to

98.60 F on the open-circuit corrosion potential of the two
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alloys is also shown in Table III. In accordance with

theoretical considerations, the potentials shifted slightly

in the active direction when the temperature was increased.

Values of the steady-state open-circuit corrosion

potentials for tc As-Sn amalgam were somewhat morA nnhle

than the values obtained by other investigators(2 4 ).

However, this may be attributed to the differences in the

composition of the electrolyte. It is suspected that a

predominate oxygen-reduction process occurred in the present

investigation due to the use of aeration.

Linear-Polarization Curves

Galvanostatic, cathodic linear-polarization curves were

determined within 15 mv of the open-circuit corrosion poten-

tial for the six dental alloys studied (Table I). Each of

the curves (Figures 15-32) was obtained by testing in aerated

synthetic saliva at 22 +10 C. Consecutive tests (conducted

every 24 hours until steady-state conditions were established)

for a given specimen and surface finish were plotted on

the same figure to show the effect of time on the corrosion

rate. Relative corrosion rates can be obtained from these

figures (i.e., steeper slopes indicate lower corrosion

rates).

The effect of time and surface finish on the corrosion

current densities (icorr) are summarized in Table IV. Values

of icorr were obtained using the polarization resistances

(&E/&i), the Stern-Geary relationship, and the 2 a values
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obtained from the potentiostatic, anodic polarization curves

K 3 (Figures 34-45). Calculations were performed on an IBM 1620

digital computer using the computer program described in

Appendix A.

In general, it was observed that the corrosion-current

densities decreased with increasing smoothness of the sur-

face finish. The two amalgams had similar steady-state

corrosion current densities. However, the variance with

time of the corrosion-current densities were not similar.

The steady-state corrosion-current density (7.54amp/cm2 ) of

the Ag-Sn amalgam (surface finished with 4/0 emery paper)

compared well with the 9,Lamp/cm2 reported by earlier inves-

tigators (2 4 ) using the Tafel-slope extrapolation method.

Of the two nickel-base alloys, the alloy containing

palladium and the higher chromium content exhibited lower

corrosion-current densities for all test times. The two

gold alloys exhibited the lowest corrosion-current densities

of any alloy studied.

Occasionally, some of the tests were repeated to check

data reproducibility. Reproducibility of the linear-

polarization data was considered excellent. This is in agree-

ment with the findings of other investigators(I 0 ,I I '14 ). it

was also found that polarization data obtained on separate

specimens of the same alloy were highly reproducible.

Occasional checks on the polarization resistance (6E/Ai)

several days after testing showed that this value had not

changed significantly from the previously recorded steady-

state value.
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The effect of raising the electrolyte temperature to

u986.6F (on corrosion-current densities and corrosion rates)
was insignificant for the two alloys tested, and the data are

not included in Table IV. However, the open-circuit corrosion

potentials of these alloys did shift slightly to more active

values (Table III).

Corrosion Rates

Corrosion rates were obtained using the icorr values

and Faraday's Law (Equation 3). Corrosion rates are given

in Table V. The calculations were performed on an IBM 1620

digital computer using the computer program in Appendix A.

For these calculations, all metal elements were assumed to go

into solution in their most stable valence state.

There was no definite time dependent pattern for the

corrosion rates of the six dental alloys tested; however, in

most cases the steady-state corrosion rate was established

within 48 to 96 hours and had a value lower than the initial

(0 hour) corrosion rate. The lowest corrosion rates were

exhibited by the gold alloys. However, the steady-state

corrosion rate of the gold alloy having a high silver con-

tent was lower than that of the other gold alloy by almost

a factor of two. Of the two nickel-base alloys, the alloy

containing palladium and a higher chromium content had a

lower steady-state corrosion rate by almost a factor of two.

The highest corrosion rates were exhibited by the two

amalgam alloys. However, a surprising result was that the

copper amalgam exhibitdd a slightly lower steady-state
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corrosion rate for all surface finishes tested. As mention-

ed earlier, clinical evidence has shown that copper amalgam

has a higher corrosion rate in the oral cavity than the

Ag-Sn amalgam. It is believed that the lower corrosion

rates found for the copper amalgam in this investigation

is the result of not heating, triturating, and condensing

the amalgam as would be done in normal dental practices.

Without performing those operations, the Hg content was

higher than would be found in a dental restoration of this

amalgam. Thus, with the higher Hg content, the percentage

of the less-noble copper was lower. In addition, the higher

percentage of the Hg caused the amalgam to have a higher

density; this would tend to lower the results of the Faraday

Law calculations.

fThe steady-state corrosion rate of the Ag-Sn amalgam

with the surface finished with 4/0 emery paper was 200.3

microns/yr. This was in close agreement with the 9 mils/yr

(220.5 microns/yr) obtained in previous investigations of

this amalgam (24 )• This corrosion rate is higher than could

be tolerated in any type of dental restoration. It appears

that the conditions of the test cell do not take into account

the high resistance of the external corrosion circuit in the

true oral environment (24 ). It is believed that the open-

circuit corrosion potentials of the Ag-Sn amalgam in this

investigation are probably representative of the true oral

environment; however, in agreement with Guthrow(24 ), the cor-

C rosion rates are probably not representative.
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In general, it can be seen in Table V that the cor-

rosion rates decrease as the surface finish becomes smoother.

The alloys which were affected most by surface finish were

the amalgams. Corrosion rates for these materials when

polished with dental tin-oxide dropped to approximately 60%

of the value of the corrosion rates, obtained when the sur-

face was finished with 4/0 emery paper.

Comparison of Computer Calculations

Using various values of Aa and Ac, Stern and Weisert(11)

found that a log-log plot of corrosion-current density versus

polarization resistance such as Figure 33 could be obtained.

This figure shows the limits within which the relation

between corrosion-current density and polarization resistance

(applies for most corroding systems.

Figure 33 was used to compare the computer calculations

of the corrosion current densities found in this investigation.

If beta values and A E/6i are known for a corroding system,

the approximate value of i can be obtained using Figure 33.Corr

For example, Ag-Sn amalgam (surface finished with 4/0 emery

paper) had a steady-state 6E/Li of 4.6 x (10) 3 ohm-cm2 and

from the potentiostatic polarization studies of this investi-

gation /ea = 0.080, $ c = 00; the icorr from Figure 33 is

approximately 9 Lamp/cm2 . The actual value calculated,

using the computer program in Appendix A, was 7.55 /.amp/cm 2

which demonstrates excellent agreement. Similar agreement

was obtained for all of the alloys investigated.
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(Figure 33. Limits Within Which the Relation
Between Corrosion-Current Density and Polar-
ization Resistance Applies for Most Real
Systems (Ref 11)

Anodic and Cathodic Polarization Curves

Potentiostatic anodic and cathodic polarization curves

(Figures -34 thru 45) were obtained for all of the specimens

in aerated synthetic saliva at 22 + 1 lC. The only surface

finish considered in these tests was that obtained by ;rind-

ing with 4~/0 emery paper. Reproducibility of crarves for

randomly-selected specimens was very good throughout the

entire potential range. These3 consistent results can be

attributed to the working electrode assembly (Figure 10)

which places the surface of the specimen in a vertical plane.

( This prevented any accumulation of corrosion products (this
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Figure 34-. Potentiostatic Anodic Polarization
Curve for Au-l3Ag-90u Dental Alloy in Aerated
Synthetic Saliva at 2200.
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Figure 35. Potentiostatic Anodic Polarization
urve for Au-5Pd-lAg Dental Alloy in Aerated

Synthetic Saliva at 220C.
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Figure 36. Potentiostatic Anodic Polarization
Curve for Ni-. 6.50r-2.5Mo Dental Alloy in Aerated
Synthetic Saliva at 220C.
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Figure 37. Potentiostatic Anodic Polarization
Curve for Hg-3OAg-l2Sn-2Zn Dental Alloy in
Aerated Synthetic Saliva at 2200.
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Figure 38. Potentiostatic Anodic Polarization
Curve for Hg-34.5Cu Dental Alloy in Aerated
Synthetic Saliva at 22*C.
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Figure 39. Potentiostatic Anodic Polarization
Curve for Ni-24.5Cr-24.5Pd-lO.5Co Dental Alloy
in Aerated Synthetic Saliva at 220C.
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Figure 41. Potentiostatic Cathodic Polarization
Curve for Au-5Pd-lAg Dental Alloy in Aerate4
Synthetic Saliva at 220 C.
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Figure 143. Potentiostatic Cathodic Polarization
Curve for T'9-3OAg-l2Sn-2Zn Dental Alloy in Aerated
Synthetic Saliva at 220 C.
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Figure 44. Potentiostatic Cathodic Polarization
Curve for Hg-34.5Cu Dental Alloy in Aerated
Synthetic Saliva at 221C.
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is nct possible for specimens that are positioned with their

surfaces in a horizontal plane). Although the low corrosion

rates of these dental alloys did not yield large accumula-

tions of corrosion products; there was some evidence at the

higher current densities of tarnish and drop-off of cor-

rosion products for each of the specimens tested.

The anodic polarization curves exhibited distinct

active regions, but passive and transpassive regions were

not observed. A constant (limiting) current density was

obtained for each specimen; there was no tendency for

increases in current density even when the potential was

increased to the limit of the potentiostat (+5.4 volts).

This limiting current density may be attributed to a con-

centration build-up of OH ions at the cathode, thus prevent-

ing diffusion of 02 to cathode surface. Tafel behavior for

[ anodic dissolution (linear dependence of the logarithm of

current density with applied potential) was observed for all

j specimens; however, this behavior was usually limited to a

current-density range of one decade. The Tafel slopes for

anodic dissolution ()8a) varied from 0.035 to 0.085 volt/decade

(Table VI). These Tafel slopes were used in the Stern-Geary

relationship (equation 2) along with linear-polarization data

to obtain the corrosion rates in Table V.

The basic alloying element of each of the alloys seemed

to determine the general shape of the polarization curve. It

was observed that there was a great similarity in the shapes

C of the anodic polarization curves of the two gold alloys.
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Table VI

Tafel Slopes for Anodic Dissolution

of Six Dental Alloys in Aerated

Synthetic Saliva at 220 C

Type of Dental Alloy and Composition Tafel Slope(pa),

volts/decade

Dental Gold, Au-13Ag-9Cu 0.065

Dental Gold, Au-5Pd-lAg 0.070

Dental Ag-Sn Amalgam,Hg-30Ag-12Sn-2Zn 0.080

Dental Copper Amalgam, Hg-34.5Cu 0.085

Dental Casting Alloy,Ni-16.5Cr-2.5Mo 0.035

Casting Alloy, Ni-24.5Cr-24.5Pd-l0.5Mo 0.035

Likewise, the two amalgams had similar curves as did the

two nickel-base alloys.

Cathodic polarization curves for the six dental alloys

studied are given in Figures 40 thru 45. These cathodic

polarization curves did not exhibit Tafel regions, even

after repeated attempts. However, each specimen did reach

a limiting current density. This was expected in the

aerated electrolyte. The absence of Tafel behavior was

also expected since the corrosion process in aerated solu-

tions is usually under concentration polarization control (5 ) .

Thus, a value of infinity was used for Ac and the modified

Stern-Geary relationship (equation 2) was used for the

corrosion-rate calculations(10)
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Again, for the cathodic polarization curves, the

major element in each alloy seemed to determine the general

shape of the curve.
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V. Conclusions and Recommendations

Conclusions

Using the results of this investigation on the corrosion

characteristics of six dental alloys in aerated synthetic

saliva, it can be concluded:

1. Steady-state corrosion rates were obtained within

48 to 96 hours.

2. All steady-state corrosion rates were exceptionally

low: ranging from approximately 4 to 200 microns/yr. The

gold alloys had the lowest corrosion rates, the amalgams

had the highest.

3. As the smoothness of the surface finish increased,

the corrosion rates decreased (i.e., alloys whose surfaces

were finished with dental pumice and tin-oxide had lower

corrosion rates than the same alloy whose surface was

finished with 4/0 emery paper). The alloys whose corrosion

rates showed the greatest dependence on surface finish

were the amalgams.

4. The steady-state corrosion rate of 200.3 microns/yr

for the Ag-Sn amalgam compared favorably with results of

other investigators. However, this corrosion rate is higher

than could be tolerated in dental applications and is prob-

ably not representative due to the inability to simulate the

high resistance of the external corrosion circuit in the

oral cavity.

5. Comparison of the calculated corrosion-current

( densities with those obtained from the generalized curves
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of Stern and Weisert( I I ) showed excellent agreement for all

4> alloys investigated.

6. In general, the linear-polarization technique was

found to be an accurate and relatively fast method of

predicting low corrosion rates.

7. Complete anodic polarization curves did not exhibit

passive behavior; instead, each reached a constant (limiting)

current density to the potential limit of the potentiostat

(+5.4 volts). Each alloy exhibited Tafel behavior for

anodic dissolution. Tafel slopes ranged from 0.035 to

0.085 volt/decade.

8. Complete cathodic polarization curves exhibited

the effect of concentration polarization. Limiting current

densities were obtained without cathodic Tafel behavior.

Recommendations

It is recommended that the following areas be considered

for further study:

1. Further investigations of the corrosion character-

istics of dental materials should be made with more real-

istic simulation of the external-circuit resistance found

in the oral cavity.

2. Investigation of the localized corrosion rates in

crevices at the tooth-alloy interface should be more meaning-

ful than general corrosion rates; however, design and instru-

mentation of electrochemical apparatus could make this a

difficult undertaking.
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3. An investigation of corrosion rates of dental

restorations in vivo would be of wide interest. Thesa

results would probably be more meaningful than those

obtained in the laboratory. The linear-polarization

technique has demonstrated that it caa be adapted to in

vivo investigations(15 '16).
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Appendix A

Development of Computer Program for Determining
Corrosion Rates from Linear-Polarization Data

This appendix conzains the development, symbology, and

discussion of the computer program which was used to determine

the corrosion-current densities (i uorr) and corrosion rates

of the alloys investigated. The program is general, and can

be used for any alloy containing up to 6 elemental components.

The program utilizes the polarization resistance (6E/6i)

taken from a linear-polarization curve, the Stern-Geary

relationship (in either its original or modified form), and

Faradayts law (with necessary conversion factors) to cal-

culate Icorr in ma/cm2 and corrosion rates in microns/yr and

(i ils/yr.
(The following symbols were used for the inputs and

variables used in the computer pr,,ram (Figure A-1). Note

that all variables are floating point:

Wl thru W6 ............. Weigh+- percent of elements
in the &lloy

DE ................ ZS E from linear-polarization

in volts

DI ..................... 6i from linear-polarization
curve in amp/cm

BA .............. . ...... /a in volts/decade

BC ..................... /c in volts/decade

TDI thru TD6 ........... Theoretical densities (gm/cm3 )
of the elements in the alloy

Nl thru N6 ............. Electrons ti-ansferred (valence
number) in the oxidation of

(. each metallic element
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AWl thru. Aw6 ........... Gram atomic weights (gms/gm
atom) of elements in the alloy

SLO)PE ......... 6E/6 i, ohm-cm2

ICOm ~ *** ~corr' ma/cm2

GMA1 thru GrMA6 ......... Gram atcnmr of each element
in the alloy

GMAT ............. Total gram atoms in the alloly

Al thru A 6 ............ Atomic percent of elements In
the alloy

EWl thru EW6 ...... Equivalent weighxt (gins) of
each element in the alloy

M~T.......... Equivalent weight of the alloyI in gms
vi thru v6 ...... Specifi.. volume (Om3/gm) of

each element in the alloy

VT ........... Specific volume ((;m3 /gii)of

the alloy

DA ........... Density of the alloy, (gma/cm 3)

C ............ Conversion factor used wit-'.
Faraday's law to obtain
corrosion rate in microns/yr

CR *......... Corrosion rate in microns/-yr

CRM.......... Corrosion rate in mils/yr

The program with sample input and output data is on

pages 89 thru 91 of this appendix. The format for the

input data is as follows:

Card 1: Weight percents of elements in the alloy.

Enter a value of 0.0 for elements that are not present.

Card 2: 6 E in volts, Ai1 in amps/cm2 , IRa in volt!

decade, R. in volt/decade. Enter value of 0.0 for 2 cif

concentration polarization is controlling the corrosion

process.
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Card 3: Theoretical densities of the elements ia the

alloy in gM/cm3. Enter value of 1.0 for elements not piea.

Card 4: Number of electrons (n) transferred (valence

number) in the oxidation of each of the metallic elements

in the alloy. Enter a value of 1.0 for elements not present.

Card 5: Gram atomic weights of each element in the

alloy in gns/gn-atom. Enter a value of 1.0 for elements L
not present.

Information printed out is i in ma/c2 corrosion

corr
rate in microns/yr and in mils/yr. The program with sample

input and output data is on the remaining pages of this

appendix.
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Corrosion Rates from Linear-Polarization Data

(Continued)
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